Abstract-A robust-servo-system, based on a combination of disturbance observer and sliding mode control have been proposed. In this paper, disturbance observer is designed on the parametrization of two-degree-of-freedom control system. Through the simulations and experiments, it was proved that the introduction of non-linear control (sliding mode) improves the disturbance suppression characteristics of a linear system with a disturbance observer.
Introduction
In the field of robot manipulator control, one of the important issues is robustness of the servo-system. The robustness of a servo-system applied to each joint of a manipulator enables noninterferences among other joints. Several papers have been published concerning this Particularly, the authors have proposed such a robust-servosystem, based on a combination of disturbance observer and sliding mode control [6] -[sl. This control law has an advantage in the robustness with the less chattering even a t a relatively low sampling frequency. The introduction of the disturbance observer improves the robustness of conventional sliding inode control.
However, some papers show that very robust system against a disturbance and a fluctuation of plant parameters can be constructed using only the disturbance observer[', 41, with a structure of two-degreeof-freedom control system. In other words, the disturbance response can be set irrelevantly to command input response.
Two-degree-of-freedom control is derived from stability a.nd achievable transfer characteristics of a linear system ["] . As a result, it includes equivalently linear control system such as a disturbance observer[" ' ' 1.
In this paper, sliding mode control is introduced into such a linear system. In the siinulations and experiments, this control scheme is applied to DC servo motor positioning control, and the effectiveness is clarified.
Plant Model
In order to inspect the proposed servo control scheme, the voltage controllable DC niotor is adopted as a plant. The mechanical dynamics and circuit dynamics are expreshed as follows, Table I . ..
Two-degree-of-freedom Control
The characteristics of this control law is that the command input response and the disturbance response can be set independently from each other, and the stability is guaranteed['"]. Morrover this system includes conventional linear control systems such as disturbance observer[', "I. Two-degree-of-freedom control system has an advantage over those systems, because it is designed positively using independence of the command input response and the disturbance response. Thus, the design method is very refined.
The configuration of this system is shown in Fig.1 In Fig. 1 The sensitivity function S indicates not only sensitivity to fluctuation of plant parameters, but also disturbance reduction characteristics. From these equations, the following controllers are obtained. This expression of controllers means that the command input response and the sensitivity function can be designed at designer's will. Thus, the global system can be designed insensitive to disturbance and fluctuation of plant parameters.
However, free parameters G,, and S should be selected to satisfy the following conditions of transfer functions. The reason is that only if all transfer functions from all input signal t o all subsystem's output are stable, the global system is stable.
G,, must be proper and stable rational function 0 G,, must have unstable zero (include infinity) of plant as aero 0 1 -G,, must have unstable pole of input signal as zero 0 S must be proper and stable rational function 0 S must have unstable pole of plant and disturbance as zero 0 1 -S must have unstable zero (include infinity) of plant as zero These include the conditions for output regulation. (7), (8) . Then, the next dynamics of the total system is obtained.
Here, d' is defined as the total disturbance which includes fluctuation of plant parameters.
In order to construct the robust servo-system, parameter S is set to a low gain in the low-frequency domain, because fluctuation of the disturbance and the plant parameters are usually slow. And 1 -S is selected as a low-pass filter, because observation noise ( is usually high frequency.
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Frequency J/W, In a design of disturbance observer, one of the important issues is how to express the disturbance generation on the augmented state equation. In other words, it is how much to consider the order of the disturbance. However, from this view point, it is difficult to consider disturbance regulation for the output.
On the other hand, in the design of two-degree-of-freedom control system, this problem is equivalent to a consideration of the order of parameter S. In this design method, condition of disturbance regulation is already satisfied. Besides, two-degree-offreedom control type realization receives less influence of delay with calculation when the system is realized as digital system.
Introduction of Sliding Mode
The feature of sliding mode control is that the robustness for fluctuation of plant parameters can be obtained by the simple control logic.
However, in the case of conventional sliding mode control, if the load torque is larger than the dither signal, the sliding mode does not exist and stability is not assured. Therefore the dither needs to be established enough large, but it causes a large chattering which has bad influence on the mechanism.
In order to reduce the chattering, the authors have proposed to compensate some part of the load torque by the disturbance In this paper, the proposed system is constructed by replacing the linear controller of two-degree-of-freedom control sygtem, which decides command input response G,, , with a sliding mode controller (Fig.5) . The remained linear controller has the same effect to the disturbance observer. In Fig.6 , after a disturbance being reduced by the linear controller, the plant system can be described as the following error system.
,where e B,,J -8 jreJ -8
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Here, Ad' is defined as disturbance suppression error by linear controller.
The sliding mode control can be applied to this system. In this control method, the control input is determined by the following logic, in order to direct the trajectories in the state space toward the sliding line s = 0. Here, the parameter Ii' , is dither signal which compensate the disturbance.
The parameters of sliding mode controller can be determined from the stable condition of the global system. The next function is defined as Lyapunov function.
The derivative becomes.
Ii,
When V is positive definite and V is negative, the system is stable. Thus, the following conditions are obtained. 
Disturbance Response
When a plant system is controlled by sliding mode control, the plant dynamics are bound to the sliding line[g1. If there is no load torque, the trajectories are completely equal to equation of sliding line under the ideal sliding mode.
However, if there is a small disturbance suppression error within a dither signal K J . the component of e in the state space has a speed which changes in proportion to Ad' (See the 3rd column coefficient in (13)). And the quantity of 6's variation can be calculated using (switching-time) x Ad' Ii',,/Jn. 
. Disturbance Suppression Effects in Frequency Domain
However! from inequation (24), only when the disturbance suppression error Ad' is smaller than the dither K j , the sliding mode exists and the equivalent block diagram Fig.8 is realized. Fig.10 shows the various order disturbance which satisfy this condition. If the disturbance is located within this domain, the equivalent block diagram Fig.8 is completely accomplished and the disturbance suppression becomes very strung as Fig.9 . If a very large disturbance beyond the domain are imposed, some part of the disturbance suppression depends on only linear controller. Thus, the disturbance becomes the larger, the disturbance response becomes similar to one of pure two-degree-of-freedom control.
Simulation Results
The In order t,o compare with pure two-degree-of-freedom control, the parameter Gg7 is set as T = 75 [nisec] and ( : 0.9 on (12).
In the simulations, two kind of disturbances are imposed.
Step Type Disturbance
Simulations of the step response under the step function type
shown in Yig.ll, Fig.l2 The disturbance impacted in Fig.ll,Fig.l2 is 10 times lager than dither. Therefore, the improvement of disturbance suppression by sliding mode cannot be observed obviously. The disturbance here is out of range in Fig.10 .
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The step response under the sinusoidal disturbance (amplitude Fig.lS,Fig.l4 .
The low-frequency disturbance imposed in Fig.l3,Fig.l4 is located within the domain of suppressible disturbance in Fig.10 , which can be compensated by sliding mode. Thus, the proposed control scheme has very stronger disturbance compensation than two-degree-of-freedom control in this case. ..
-

Experiment a1 Results
In the experiments, DSP (NECpPD77230, 32 
Conclusion
For almost all kinds of disturbances except high-speed ones, the proposed control system has very strong robustness. The reason is that the sensitivity of disturbance can be reduced in proportion to switching frequency of sliding mode. In other words, using the dither, the proposed system can compensate the remaining disturbance, which cannot be completely compensated by the linear controller.
In combination with sliding mode control, two-degree-offreedom control becomes more robuster. 
